Introduction
After spending several billion dollars and a decade or more in development and clinical trial, only approximately 10% of new drugs show efficacy and reach the market for patient use. This apparent inefficiency, however, masks enormous opportunities to repurpose existing drugs to treat diseases for which they were not originally intended, especially diseases with limited therapeutic options (1, 2) . Therapies for inflammatory diseases are an attractive choice for drug repositioning because of the complexity of the immune response, the hit-or-miss nature of treatment (which is often by trial and error), and the number of traditional drugs and new biologics for inflammatory diseases.
Determining which drugs to reposition, however, is not trivial. Among a heterogeneous patient population that seems affected by the same autoimmune condition, one cannot be sure if the disease is in fact the same, or at what progressive stage a patient is presenting. Currently, most predictions of patients that would benefit from drug repositioning are drawn from retrospective computational methods, genomic analyses, BACKGROUND. In patients with limited response to conventional therapeutics, repositioning of already approved drugs can bring new, more effective options. Current drug repositioning methods, however, frequently rely on retrospective computational analyses and genetic testing -time consuming methods that delay application of repositioned drugs. Here, we show how proteomic analysis of liquid biopsies successfully guided treatment of neovascular inflammatory vitreoretinopathy (NIV), an inherited autoinflammatory disease with otherwise poor clinical outcomes.
METHODS.
Vitreous biopsies from NIV patients were profiled by an antibody array for expression of 200 cytokine-signaling proteins. Non-NIV controls were compared with NIV samples from various stages of disease progression. Patterns were identified by 1-way ANOVA, hierarchical clustering, and pathway analysis. Subjects treated with repositioned therapies were followed longitudinally.
RESULTS.
Proteomic profiles revealed molecular pathways in NIV pathologies and implicated superior and inferior targets for therapy. Anti-VEGF injections resolved vitreous hemorrhages without the need for vitrectomy surgery. Methotrexate injections reversed inflammatory cell reactions without the side effects of corticosteroids. Anti-IL-6 therapy prevented recurrent fibrosis and retinal detachment where all prior antiinflammatory interventions had failed. The cytokine array also showed that TNF-α levels were normal and that corticosteroid-sensitive pathways were absent in fibrotic NIV, helping explain prior failure of these conventional therapeutic approaches.
CONCLUSIONS.
Personalized proteomics can uncover highly personalized therapies for autoinflammatory disease that can be timed with specific pathologic activities. This precision medicine strategy can also help prevent delivery of ineffective drugs. Importantly, proteomic profiling of liquid biopsies offers an endpoint analysis that can directly guide treatment using available drugs. and genome-wide association studies (GWAS) and use large study populations to define disease signatures. In practice, however, a patient's genetic profile usually only denotes risk, which may do little to guide treatment in the near term. We have a patient population that offers an opportunity to overcome these challenges, in a family affected by a little understood autoinflammatory genetic disease of the retina, neovascular inflammatory vitreoretinopathy (NIV; OMIM 193235), for which there is no effective therapy. This family is transmitting a single disease mutation, so using them for drug repositioning studies removed a major barrier -patient heterogeneity. Indeed, with the NIV family, the shared genetic origin and highly characteristic phenotypic stages made an ideal population to test whether proteomics can guide rapid drug repositioning.
NIV is a progressive intraocular inflammatory condition that follows a series of predictable pathological stages before eventually leading to blindness. NIV is a dominant genetic condition caused by hyperactivating mutations in calpain-5 (CAPN5), a regulatory protease believed to modulate the function of its proteolytic targets (3). Although NIV-causing mutations have been identified, it is neither known how this overactive protease might cause uveitis (intraocular inflammation) nor the identity of its proteolytic targets. Indeed, identification of the disease mutation has done little to inform treatment. This rare disease shares clinical features of several, more common eye pathologies, including retinitis pigmentosa, proliferative diabetic retinopathy, and uveitis. For these diseases, as with NIV, the molecular effectors mediating the symptoms are unknown and treatment is frequently inadequate. NIV patients fail conventional immunosuppressive therapy (e.g., TNF-α inhibitors, and implantable steroid-delivery systems) and all affected patients eventually go blind. Several members in these families are young, and urgently need innovative approaches to therapy.
Since the NIV autoimmune uveitis phenotype can be accurately staged in real time ( Figure 1A ), we predicted that each stage of affected eyes would have its own proteomic signature of inflammation. Since inflammatory diseases, in general, share the pathological features of NIV (i.e., chronic inflammation and fibrosis) and many relevant drugs and biologics have been developed, we suspected drug repositioning could be guided by cytokine signatures of immune diseases, such as leukocyte infiltration and activation, neovascularization, and end-point fibrosis. We hoped that by identifying cytokine signatures in NIV eyes, we could reposition therapeutic options, in real time.
Results
Personalized proteome of liquid biopsies identifies differentially expressed cytokine-signaling proteins in NIV stages. We worked under the assumption that our patients might benefit from already available therapeutics. To increase therapeutic potency, we focused on finding targets that could be delivered directly by intravitreal injection, because the blood-ocular barriers prevent many drugs from entering the eye. Injection into the vitreous allows high local concentrations of drugs without the side effects of systemic delivery. In addition to small molecules, we considered injectable antibodies that target abnormally upregulated cytokines. To find which cytokine signals should be targeted, liquid biopsies from patient eyes were screened using a proteomic platform that can monitor hundreds of cytokine signals simultaneously -a precision medicine strategy.
Vitreous biopsies were collected from 8 NIV eyes and 4 eyes in 4 patients with noninflammatory disease (i.e., an epiretinal membrane or macular hole). Three of the NIV eyes were in stage II, 4 in stage III, and 1 in IV ( Figure 1A and Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97818DS1). Biopsies were analyzed using a membrane-based antibody array, to identify any abnormally expressed cytokine-signaling proteins, and determine a NIV protein signature. Additional information concerning the performance of the array is included in the online supplement (Supplemental Tables 2-4 and Supplemental Figure 1 ). Biopsies from 4 control eyes were compared with 8 NIV eyes, using 1-way ANOVA and hierarchical heatmap clustering.
Our analysis of NIV eyes revealed 64 differentially expressed proteins (P < 0.05): 3 were downregulated and 61 were upregulated ( Figure 1B) . In hierarchical heatmap clustering, control samples grouped separately from NIV samples, showing that each group shared specific protein expression patterns.
Rational molecular therapy: targeting differentially expressed proteins. Using the cytokine-signaling expression analysis, we assembled a list of proteins that might be targeted by injectable antibodies that are already clinically in use. We first noticed that, in all the NIV eyes, TNF-α levels were normal ( Figure 2A ). This explained the previous failure to control inflammation in our patients with infliximab (anti-TNF-α) infusions, a common therapy used for autoinflammatory diseases that do not respond to conventional immunosuppression. This bolstered our confidence in the sensitivity and accuracy of our proteomic approach.
VEGF inhibition. Some of our patients were in intermediate NIV stages, when retinal neovascularization develops. The neovascularization causes blinding vitreous hemorrhage. Although the patients did not show evidence of retinal ischemia known to trigger VEGF expression, in the cytokine array, we found consistently and markedly elevated VEGF levels that correlated with disease progression (Figure 2A ). The anti-VEGF antibody bevacizumab, originally developed to block tumor blood supply, had been recently repurposed to treat choroidal neovascularization in age-related macular degeneration (AMD) at the time of the study (4). While NIV patients do not develop choroidal neovascularization, 
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they do develop retinal neovascularization similar to some uveitis patients (5). We considered repurposing bevacizumab for treatment of NIV. For NIV patients, vitreous hemorrhages were removed through vitrectomy surgery, but this surgery triggered an exaggerated postoperative inflammatory response that accelerated inflammation and fibrosis. 
Because of the elevated VEGF levels detected in our proteomics analysis, we tested intravitreal bevacizumab injection in several NIV patients. Figure 2B shows an eye filled with blood in one patient whose sight was reduced to "count fingers" (CF), but a single injection of bevacizumab improved their vitreous hemorrhage grade and visual acuity to 20/70 two weeks later ( Figure 2C ), and to their baseline of 20/50 four weeks later ( Figure 2D ). We have used anti-VEGF therapy in 7 eyes to resolve such hemorrhages without surgery, and in each case the vitreous hemorrhage grade resolved and their vision returned to baseline ( Figure 2E and Supplemental Table 5 ). Thus, repurposing a cancer and macular degeneration drug was a safer, less invasive approach, and less expensive than surgery. Bevacizumab has since been repurposed to treat neovascularization secondary to retinal ischemia (i.e., diabetic retinopathy) -an anatomically and pathologically distinct phenotype not present in NIV or uveitis patients (6) . Inflammatory cell inhibition. Although the bevacizumab injections stopped neovascularization in NIV patients, other problems persisted, including cellular inflammation and vascular leakage of protein into the eye, which is visible as flare (in which proteins in the vitreous and anterior chamber can scatter a beam of light). The cytokines uniquely upregulated in NIV (compared with controls) were queried using databases for pathway analysis to assess proteins that were differentially expressed in NIV and not found in control, uninflamed, human eyes ( Figure 2G ). We then reviewed databases to identify small molecules and biologics to target these upregulated cytokine pathways.
Of the highly represented pathways, the mTOR and class I PI3K signaling pathways were identified (P < 0.005; Figure 2G ). These pathways are known to be critical in determining the fate of developing T cells. In fact, there were CD3-positive T cells in the vitreous fluid of donor NIV eyes ( Figure 2F ) (7) . In the past, vitreous inflammation was treated with intraocular corticosteroid injections, but this puts NIV patients at risk for glaucoma (8) . We considered sirolimus because of the presence of mTOR effectors in NIV vitreous. However, oral sirolimus was reported to have limited efficacy in treating uveitis due to its undesirable side effects (9), and there was no intravitreal formulation available at the time of the study (10) . In seeking alternative drug repositioning options, we noted that methotrexate could target T cells in both healthy and rheumatoid arthritis patients, could effectively suppress ocular inflammation, and was safe for intravitreal injection (11) (12) (13) (14) (15) (16) (17) (18) . Although our previous use of oral methotrexate was ineffective, the proteomic data and ability to dramatically increase local drug concentration by injection influenced us to reconsider methotrexate. Therefore, we repurposed methotrexate to alleviate NIV-specific T cell inflammation. After treating 5 eyes with stage II and stage III NIV using intravitreal injections of methotrexate (400 μg/0.1 ml), the number of cells in the anterior chamber dropped dramatically (Figure 2 , H and I, and Supplemental Table  6 ). Repurposing methotrexate was so uniformly successful in the clinic that we routinely use intravitreal methotrexate perioperatively, to mitigate the exuberant postsurgical inflammation in NIV patients. NIV patients can now tolerate eye surgery without a damaging immune response.
Interestingly, despite improvements with intravitreal methotrexate, anterior chamber flare persisted ( Figure 2I ). This suggested methotrexate had specifically prevented proliferation of inflammatory cells within the eye, but did not resolve the disruption in the blood-ocular barrier that allowed protein to leak into the vitreous.
Corticosteroid implant. In previous treatment, oral prednisone showed some benefit, but was not tolerated due to systemic side effects (19) such as weight gain and osteoporosis. Since our personalized proteome showed many of the cytokines upregulated by NIV should be quelled by corticosteroid therapy, we instead chose to deliver corticosteroid nonsystemically, by surgically implanting fluocinolone acetonide (Retisert) implants into 3 eyes that represented stage II and III disease. This implant delivers continuous steroid for over 2 years, reducing the need for frequent injections. Implanted patients showed reversal of several clinical features of stage II and III NIV: retinal neovascularization was halted and the number of intraocular leukocytes dropped. Proteomic analysis of vitreous biopsies taken before and after the steroid implant (Supplemental Figure 2 , A-C, and Supplemental Table 7) indicated that intraocular VEGF, VEGFR3, PDGFRβ, FGF-4, and FGF-7 levels fell, which likely helped resolve the retinal neovascularization. In addition, 26 other cytokines linked to leukocyte infiltration were also reduced to control levels (Supplemental Figure 2 , A-C, and Supplemental Table 8 ).
IL-6 inhibition. Despite these clinical improvements after Retisert implantation, severe intraocular fibrosis persisted (20) , suggesting that some cytokines were insensitive to corticosteroid therapy. Therefore, we sought a repositioning strategy to target fibrosis. The elevated IL-6 levels that remained after Retisert implantation (and in stage IV disease) were an attractive target (Supplemental Figure 2C and Figure 3, A and B) , since IL-6 is linked to many fibrotic diseases (21-28), including ocular fibrosis associated with proliferative diabetic retinopathy (29) and proliferative vitreoretinopathy (30) . Tocilizumab, which targets IL-6 (anti-IL-6), is used to treat severe cases of rheumatoid arthritis, systemic juvenile idiopathic arthritis, and is currently in trial for the treatment of systemic sclerosis (28, 31) . So, for a special case of stage IV NIV, we considered repurposing tocilizumab.
Our repositioning strategies came together in 1 NIV patient, who was monocular due to chronic intraocular fibrosis and retinal detachment in her left eye (stage IV). In what had been her functional right eye, she recently developed a severe fibrotic, neovascular retinal detachment ( Figure 3C ). Repair of fibrotic retinal detachment requires a long, delicate surgery to manually remove the scar tissue; however, in NIV eyes, scar tissue regrows within weeks and causes tractional and recurrent retinal detachment and poor visual outcomes. The fibrosis is so aggressive that, for the most part, we had stopped retinal reattachment surgery on NIV eyes. To save the sight in this patient's only functioning eye, an alternative therapy was needed. The patient underwent a retinal detachment repair surgery combined with our proteomic-driven approach -Retisert, anti-VEGF antibody, and intravitreal methotrexate at the time of surgery. Although neovascularization and cellular inflammation were suppressed, retinal fibrosis recurred within weeks like other NIV eyes and her retina re-detached ( Figure 3D ). We knew that IL-6 expression was not controlled with our previous therapies; therefore, after a second surgery to reattach her retina, she was given monthly intravenous infusions of tocilizumab (anti-IL-6) over 6 months. Remarkably, blocking IL-6 with tocilizumab allowed her retina to remain attached, a first for retinal reattachment surgery in a NIV patient ( Figure 3E ). Although this is a single case, these results in a very aggressive form of NIV strongly suggest that IL-6 is linked to retinal fibrosis and repurposing anti-IL-6 therapy can control intraocular fibrosis. At the time of our therapeutic repurposing, tocilizumab was not available for off-label use. Since then, tocilizumab has been shown to be effective in the treatment of some refractory uveitis cases and other ocular inflammatory diseases. This, combined with elevated IL-6 levels at each stage of NIV, make tocilizumab an attractive first-line therapy in future NIV cases ( Figure 1B and Figure 3A) . 

Discussion
Using proteomics in real time, we detected dynamic changes in inflammatory processes and identified targets that were treatable, allowing us to reposition clinical therapies immediately. Thus, cytokine profiles of NIV eyes guided our drug repositioning strategies for a previously untreatable population and leveraged the enormous effort already invested in approved, available drugs. Since, regardless of the tissue affected (e.g., kidney, liver, joints), inflammatory diseases can be characterized by cytokine signatures, our proof of principle with NIV offers an excellent model for developing drug repositioning strategies for other chronic inflammatory diseases. We believe proteomic analysis of biopsy fluid might well, in the future, allow physicians to take a snapshot of other inflammatory disease processes, in real time, and similarly guide optimal repositioning of approved drugs. Drug repositioning is a promising innovation since repurposed drugs are already FDA-approved, have proven bioavailabilities, and well-characterized side-effect profiles. The approach can provide a safer alternative to the development of new compounds (2), but the question remains, how can clinicians select the appropriate drug for repurposing? Personalized analysis of liquid biopsies transformed our treatment approach for NIV patients. Before our proteomic study, treatment was trial and error (and largely ineffective). Proteomic analysis of liquid biopsies from patients of various NIV stages gave us insight into the disease states at the molecular level. Knowing which molecular pathways were abnormally activated, we searched databases of available drugs that could target these pathways, and found we had ready access to the drugs to treat NIV. What we had needed was not new drugs, but a way to determine which available drugs were likely to have an effect. We now treat vitreous hemorrhages with bevacizumab, instead of surgery. Intravitreal methotrexate is used to control the infiltration of inflammatory cells and the exaggerated inflammatory response to surgery. Retisert implants slow the progression of the disease, but not the fibrotic stage. Now, we are also considering IL-6 therapy to prevent retinal fibrosis (Supplemental Figure 3) . Importantly, based on previous failures and the lack of TNF-α in NIV biopsy samples, we have completely stopped giving anti-TNF-α therapy. We have also stopped treating the fibrotic stage (IV) with corticosteroids. One aspect that we have yet to effectively treat is the early photoreceptor synaptic signaling defect (loss of b-wave on electroretinogram) that heralds the progressive retinal degeneration. Addressing the neurodegenerative aspect of NIV will require further molecular characterization of cell death biomarkers rather than cytokine biomarkers in NIV eyes. Our investigations of animal models suggest that retinal biomarkers may also be detected in liquid vitreous biopsies (32) (33) (34) .
Our experience with NIV implies the same approach might extend to other inflammatory diseases in which liquid biopsies from affected sites might pinpoint pathological changes in real time. NIV patients have shared a genetic origin with clear phenotypic stages. In this case, the clinical staging is now correlated with a molecular phenotype, which allows for immediate treatment of new NIV patients without further molecular profiling. For other inflammatory diseases with limited or complex phenotypic characterization, individual cytokine levels could be directly measured to guide treatment. Thus, without understanding the molecular origins of the disease state, as implied by genetic testing or even a definitive diagnosis, proteomics might guide treatment and allow the use of available, approved treatments that otherwise might not be offered. This approach clearly could be extended to more comprehensive proteomic analysis, and applied to other tissue biopsy samples, to describe disease states precisely and personalize treatment options.
In the future, proteomic profiling of liquid biopsies should yield the personalized benefits that had been expected of genetic testing. Genetic testing may have limits for drug repositioning if it only estimates the risk patients have for acquiring a disease. In contrast, proteomic profiling of liquid biopsies identifies realtime effectors of expressed genes, precisely reflecting the health or disease of surrounding tissues, regardless of a patient's genotype, and thereby provide a snapshot of a disease state in real time. This type of analysis can be used to guide diagnosis and treatment, and assess follow-up.
Our study was a retrospective analysis in a small sample size, but our results are strong because all our subjects all carry the identical rare genetic variant. Similar assessments of unrelated patients would require larger study populations, but our success with this small group suggests that those types of studies are worthwhile. Indeed, many diseases that we currently deem untreatable might be well controlled with drugs that are available and in use. We expect that proteomic analysis of fluid biopsies is likely to become routine, and we are likely to find we already have the power to treat diseases that are thought to have no available drugs. insight.jci.org https://doi.org/10.1172/jci.insight.97818
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Methods
Vitreous sample collection. Pars plana vitrectomy was performed using a single-step transconjunctival 23-gauge trocar cannular system (Alcon Laboratories Inc.), and an undiluted 0.5-ml sample of the vitreous was manually aspirated into a 3-ml syringe. Vitreous samples were immediately centrifuged in the operating room at 15,000 g for 5 minutes at room temperature to remove impurities and then finally stored at -80˚C, as previously described (35) .
Cytokine array. Vitreous cytokine-signaling proteins were measured using the Human Cytokine Quantibody Array 4000 (RayBio) per the manufacturer's protocol. This array concurrently detected and processed 200 human cytokines. First, the array chips were incubated with sample diluents for 30 minutes at room temperature to act as a block. Vitreous sample volumes under 500 μl were diluted with buffer to reach a required sample volume (Supplemental Table 2 ). Vitreous (100 μl; 4 technical replicates per sample) was then added to the wells of the array and incubated overnight at 4˚C. A standard cytokine dilution was added to the wells of the array to determine protein concentrations. For signal detection, 80 μl of Cy3-streptavidin was added to each well, rinsed, and visualized by laser scanner. The RayBio Analysis Tool was used for protein classification. Final cytokine concentrations (in pg/ml) were corrected for sample dilution (Supplemental Table 2 ). Additional quality-control data for the array are provided in the online supplement (Supplemental Table 3 and Supplemental Figure 1) .
Intervention/surgery. Intravitreal injections were performed in the same manner in all patients. After anesthetization with 0.1-0.3 ml of 1% lidocaine into the subconjunctival space, a lid speculum was placed and 5% povidone-iodine placed onto the conjunctival surface. Calipers were used to mark 3.5 mm from the limbus and either methotrexate (400 μg/0.1 ml) or bevacizumab (1.25 μg/0.05 ml) was injected into the center of the vitreous cavity through a 30-gauge needle. A cotton-tip applicator was held at the site of the injection as the needle was withdrawn. All patients were instructed to instill one drop of a fourthgeneration fluoroquinolone 4 times a day into the affected eye(s) for 4 days following the injection (4). Clinical outcomes for these patients are detailed in the online supplement (Supplemental Tables 5 and 6 ). Fluocinolone acetonide (Retisert) devices were implanted as previously described (20) .
Immunohistochemistry. Postmortem NIV eyes (University of Iowa, Department of Pathology archived tissue collection) were received in formalin and postfixed in Pen-fix (Thermo Fisher Scientific). After the eye was opened by pupil-optic nerve section, it was decalcified. Immunohistochemical staining was performed as follows: Slides were stained on the DAKO Autostainer+, using heat pretreatment with a pressure cooker. The anti-CD3 (DAKO, A0452) diluted to 1:200 was incubated for 30 minutes. A dual endogenous enzyme block (DAKO, S2003) was used for 5 minutes. Detection was for 30 minutes and DAB+ (DAKO, K3467) was used for 5 minutes. DAKO Envision+ Dual-Link labeled polymer (K4061) was used for detection.
Statistics. Following cytokine concentration detection, data were sorted on Microsoft Excel spreadsheets based on concentration hierarchy. Data were sorted into 2 sections: control patients with macular holes and epiretinal membranes and NIV patients. Cytokines present in any of the control or patients with NIV at a level of 500 pg/ml or higher were selected for further evaluation. This cutoff was chosen because it is higher than the sensitivity of the assay (500 pg/ml), but a low threshold to catch all significantly expressed proteins while removing the underexpressed or absently expressed proteins from the list. Results were also saved in Excel as .txt format and were uploaded into the Partek Genomics Suite 6.5 software package. The data for controls and NIV patients were normalized to log base 2, and compared using 1-way ANOVA. All proteins with nonsignificant (P ≥ 0.05) changes were eliminated from the table. The significant values were mapped using the 'cluster based on significant genes' visualization function with the standardization option. Pathway representation of upregulated cytokines was performed using Pathway Commons and WikiPathways analysis in WebGestalt (36) .
Study approval. The study was approved by the University of Iowa's Institutional Review Board, and adhered to the tenets set forth in the Declaration of Helsinki. Data were collected and analyzed from August 2009 to April 2017. Our proteomics analysis was used to collect information on the NIV vitreous proteome at different stages of disease in 1 set of NIV patients (Supplemental Table 1 ). These patients that provided research biopsies were not treated based on their own array data. Therapies were selected in a different set of NIV patients based on their stage of disease after failure of conventional therapies. Patients were consented regarding the off-label use of therapies and the known benefits, risks, and past uses of therapies for ocular disease. Subjects underwent eye exams that included slit-lamp examination, dilated retinal biomicroscopy, and indirect ophthalmoscopy. Written informed content was provided for pictures appearing in the manuscript. insight.jci.org https://doi.org/10.1172/jci.insight.97818
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Standard-of-care testing was performed in all cases to determine the etiology of the uveitis. Infectious etiologies tested for were toxoplasmosis IgG and IgM, syphilis IgG, Lyme disease and quantiferon gold. Autoimmune testing included angiotensin-converting enzyme, chest x-ray, anti-nuclear antibody, and rheumatoid factor. In cases of suspected viral infection, PCR of aqueous fluid was performed for varicella zoster, herpes simplex, and cytomegalovirus.
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